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I. INTRODUCTION
Electrons and holes in 2H-type group-VIB transition-metal dichalcogenides (TMDs) are unique two-dimensional carriers in which the spin degree of freedom, s, is independent of the carrier velocity, v, that is proportional to the momentum derivative of the band dispersion, ∂ε(k)/∂k. In conventional two-dimensional (2D) carriers, the spin-orbit interaction (SOI) couples s and v, such as those formed at the interface of III-V binary compounds, where all carrier scattering could lead to the spin relaxation [1] . In marked contrast, SOI in TMDs couples s to the crystal momentum,hk, instead of v, owing to the broken inversion symmetry in the honeycomb lattice structure of the individual layer [2] as well as the fact that Fermi pockets, which are usually referred to as valleys, are away from the point [3] . The broken inversion symmetry split valleys at six hexagonal Brillouin zone corners into two groups, denoted by ±K, generating a so-called valley degree of freedom. The time-reversal symmetry dictates valley-dependent spin polarization, namely, all carriers in K(−K) valleys should have spin ↑ (↓), which has been experimentally verified by the spin-and angle-resolved photoemission spectroscopy [4, 5] . Because of this valley-coupled spin texture, the spin relaxation in TMDs must accompany valley relaxation that requires a large variation ofhk. Therefore, the spin relaxation in TMDs is expected to be slow and protected against the carrier scattering.
Experimental studies on the spin and valley relaxation in TMDs have been, so far, limited to optical techniques, which is based on the exclusive coupling between the valley degree of freedom (±K) and the circular polarization of light (σ ± ) [2] . This feature enables optical generation and detection of the valley polarization [6] [7] [8] , and also realizes valleytronic functional devices [9, 10] . Since the optical process generates both electrons and holes simultaneously, the exchange interaction makes the spin and valley relaxation faster than the cases where only a single type of carrier exists [8] . The observation of the spin Hall effect and/or the valley Hall effect [10, 11] , therefore, requires a sufficiently large electric field to break the excitons into free carriers. To design spintronic and valleytronic devices, reliable estimations of the spin and valley relaxation times of free electrons and holes are highly demanded.
Recently, the spin-relaxation time of free electrons in MoS 2 was investigated by analyzing the quantum interference in the magnetoconductivity [12] . The spin-orbit splitting in the conduction band is relatively small (1−40 meV) so that intravalley electron-spin relaxation is available [13] . On the other hand, the splitting in the valence band is much larger (150−450 meV) and therefore longer spin-relaxation time is expected for holes by largely suppressing the intravalley spin relaxation.
Here, we systematically investigated the spin-relaxation time of electrons and holes in three TMD compounds: WSe 2 , MoSe 2 , and MoS 2 , under various free carrier densities controlled by the field-effect transistor (FET) device structure. We revealed that the spin relaxation is largely suppressed compared to the total carrier scattering, particularly in the valence band. In addition, the electron-spin relaxation rate in MoSe 2 is found to be anomalously large compared to MoS 2 and WSe 2 . As the quantum interference appears only at low temperature, the channel resistances must remain finite down to a sufficiently low temperature. In contrast to MoS 2 [12] , metallic states of WSe 2 and MoSe 2 are only reachable with liquid gate dielectrics, that have larger carrier accumulation capability [14, 15] . In this study, therefore, an ionic liquid (DEME-TFSI) is selected for the gate dielectric [16] . See the Supplemental Material [17] for detailed descriptions and the basic device characterizations. The spin-relaxation time was deduced by analyzing the weak localization (WL) and weak antilocalization (WAL) features in magnetoconductivity at 2 K [ Fig. 1(a) ]. The Hall effect was also simultaneously measured, from which carrier density n 2D and carrier mobility μ were deduced. We note that multilayers ahre incorporated in this study. However, valleytronic properties still manifest themselves in the measurement, since ±K valleys in ion-gated multilayer are occupied, which is experimentally confirmed by electroluminescence measurement [9, 18] ; additionally, the inversion symmetry is broken by the strong gate electric field [14] .
II. MAGNETOTRANSPORT MEASUREMENT AND QUANTUM INTERFERENCE
Figures 1(b)-1(d) display magnetoconductivity at various gatevoltages, V G . All data were symmetrized to remove possible contribution from the Hall effect. The positive and negative sign of V G indicates electron and hole doping, respectively, and a larger value of |V G | implies higher carrier density, |n 2D |. The quantum interference is recognized by the peak behavior around zero magnetic field, B = 0 T. Positive (∂σ/∂B > 0) and negative (∂σ/∂B < 0) magnetoconductivity, respectively, represents WL and WAL. A crossover from WL to WAL was most clearly observed in p-WSe 2 
Comparison of the carrier mobility μ, the carrier density It is known that the general magnetoresistance can overwhelm the WL effect [19] . Figure 2 shows that μ in p-WSe 2 is one order of magnitude higher than that in p-MoSe 2 , indicating a possibly larger magnetoresistance effect in p-WSe 2 .
Magnetoconductivity was analyzed by fitting experimental data with the Hikami-Larkin-Nagaoka theory (HLN theory) [12, 20, 21] :
with F (x) ≡ ψ(x + 1/2) − ln x, where ψ is the digamma function. B φ and B so are fitting parameters characterizing phase coherence and spin relaxation, respectively. The best fit curves are overplotted in Fig. 1 with solid lines. The discrepancy between the experimental data and the fit becomes larger with increasing |B|, because the theoretical formula does not include conventional magnetoresistance scaling with B 2 . Therefore, a cutoff magnetic field was set during the fit. By changing the cutoff magnetic field, the results of the fit differ slightly, as indicated by error bars in Figs. 2 and 3 . During analysis, we followed Schmidt et al. [12] to fit all experimental data with the identical formula including both B φ and B so . The fittings agree reasonably well with the experimental data, but care must be taken because B so values deduced from WL are less reliable than those deduced from WAL. The variation of B so does not significantly affect the overall feature of WL if B so < B φ [22] .
Using the relation L 2 α =h/(4eB α ) (α = φ, so), B φ and B so are converted to the phase coherence length L φ , and the spinrelaxation length L so , respectively. Filled and open symbols in Fig. 2 represent L so deduced from magnetoconductivity showing WAL and WL, respectively. The lower reliability of L so in the WL region is evident by the larger error bars. The crossover from WL to WAL occurs when L φ ≈ L so . WL is seen when the carrier spin relaxation is less frequent than the carrier phase relaxation so that spin components can be ignored when considering the standing wave along closed carrier motion paths [23] . On the other hand, when the spin relaxation becomes more frequent than the phase relaxation, the spin component of the wave function can suppress the standing wave formation, leading to WAL. * , and q represent the diffusion constant, the effective carrier mass, and the elementary charge, respectively. In a manner similar to the relation between L φ and L so , τ s is shorter (longer) than τ φ in the WAL (WL) regime (Fig. 3) . When the electron density is reduced to n 2D ∼ 2 × 10 13 /cm 2 , τ s for n-MoS 2 reaches the order of 10 ps, being consistent with the reported value [12] . On the other hand, the relation between τ s and τ tr is inconsistent with Ref. [12] . This discrepancy may possibly be attributed to the difference of the carrier density regimes investigated. The carrier density region in Ref. [12] is 1−2 × 10 13 /cm 2 , while we varied the carrier density from ∼10 13 to ∼10 14 /cm 2 . Only one data point from our study locates in the carrier density region investigated in Ref. [12] . As the band structure changes with the carrier density [24, 25] , the dominant spin-relaxation mechanism may also change. The difference in layer numbers is also expected to contribute to this discrepancy. We further note that the theoretical work is not sufficient at the present stage. Since the HLN theory only takes the Elliott-Yafet (EY) mechanism into account [20] , a theoretical study with the Dyakonov-Perel (DP) mechanism, which is the claim of Ref. [12] , is highly required before the detailed argument of the spin-relaxation mechanism.
The decrease of τ s with the increasing |n 2D | in Fig. 3 indicates that the spin relaxation can be controlled by FET devices, which may be attributed to two facts. Firstly, FET devices modify the effective magnetic field, B eff . The variation of |n 2D | indicates not only the variation of the Fermi energy but also the variation of the perpendicular electric field E p , applied at TMD surfaces through the gate voltage. Carriers feel B eff when an electric field is applied perpendicular to their momentum. The broken inversion symmetry of TMD crystal structure generates an out-of-plane B eff that leads to a huge spin splitting around ±K valleys [2] . Additionally, E p generates an in-plane B eff since carrier motion is limited to in plane. This is similar to the well-known Rashba effect [1] . Although this in-plane B eff is orders of magnitude smaller than the out-of-plane B eff , the in-plane B eff could assist the spin flip, which is required for the intervalley scattering, by inducing Larmor precession.
Secondly, the band structure is modified with doping, and different types of valleys are simultaneously occupied. Monolayers and multilayers of TMDs differ from each other in terms of electronic structure. The bottom of the conduction band locates at ±K points in monolayers, and at ±T points (±Q points) in multilayers. However, theoretical works predicted that under high carrier density, both the ±K and the ±T valleys of the conduction band are occupied in both monolayers [24] and multilayers [25] . In case of the valence band, the ±K valleys and the valley can be simultaneously occupied. In these situations, the carrier scattering between different types of valleys can enhance the total carrier scattering and the spin scattering, making our estimation as a lower bound since the pure spin-relaxation time between ±K valleys could be even longer.
B. Comparison of spin relaxation of electrostatically doped carriers in TMDs and other semiconductors
Modification of τ s by tuning the electric field and thus carrier density in the FET device structure is well known for various semiconductors [26, 27] . In Fig. 4(a) , we compare τ s and τ tr of TMDs with those of the AlGaAs quantum well (QW) [26] [27]. Basically, all materials show the decrease of τ s with increasing carrier density. Importantly, when one looks at the lowest carrier density data point, τ s 's of TMDs are larger than the AlGaAs QW and LAO/STO even though τ tr 's are shorter in TMDs. As these values strongly depend on the sample quality, we took the ratio R τ ≡ τ s /τ tr as a material-specific parameter. R τ can be interpreted as the amount of carrier momentum scatterings required to flip spin once, and 1/R τ represents the spin-flip probability among the single carrier momentum scattering. Figure 4 (a) clearly shows that R τ becomes larger when the carrier density is smaller. In Table I , the maximum R τ 's in each material are compared. The R τ 's of TMDs are quite large, especially in the valence band, indicating that the spin is highly protected against the carrier scattering. These values are even orders of magnitude larger than those of conventional 2D carriers [26, 27] . In Rashba systems s and v[∂ε(k)/∂k] are coupled [ Fig. 4(b) ] and every carrier scattering accompanies spin relaxation to some extent. The spin-helical mode and the persistent spin helix is one of the possible solutions to realize carrier velocity-independent spin polarization [28] . On the other hand, the SOI-induced effective 0.058 a Reference [28] . b Reference [29] .
magnetic field in TMDs is almost independent from v and only depends on the valley degree of freedom required by the symmetry of TMDs [ Fig. 4 (c)] [5] . Since the intervalley scattering requires a largehk variation and a simultaneous spin flip, the carrier scattering is expected to be dominated by the spin-conserved intravalley scattering with lesshk variation. Therefore, the spin is protected against the total carrier scattering, which is evident by the larger values of R τ , especially for holes with a larger spin splitting (Table I) . We note that R τ ≈ 10 3 is reported in conventional semiconductor QWs measured with optical technique [29, 30] , but in Fig. 4(a) and Table I we focused on R τ 's obtained from magnetoconductance measurement for comparison with our results. The optical method is advantageous for the measurements in the low carrier density regime, which is difficult to access by transport measurements. The carrier density in Refs. [29, 30] is smaller than that in Ref. [26] . Following the trend of τ s and τ tr in Fig. 3 , it is likely that R τ in TMDs could be further enhanced in the lower carrier density regime. This trend is theoretically predicted in hole-doped TMDs [31] . Also, a larger τ s of 3 ns was reported in naturally doped (very lightly doped) n-MoS 2 and n-WS 2 [32] .
C. Anomalously fast spin relaxation of electrons in MoSe 2
So far, the overall feature of τ s in TMDs is compared with that in the Rashba system. On the other hand, a detailed comparison of τ s between various TMD members clarifies that τ s in n-MoSe 2 is kept small and almost independent of n 2D in the whole positive n 2D region (Fig. 3) . The small τ s in n-MoSe 2 is also evident from the WAL feature [17] . Such an anomalously small τ s is expected to be intrinsic to MoSe 2 because of the following two reasons. First, τ tr are similar in three materials, indicating that the particular MoSe 2 device is similar in sample quality to the other two devices of WSe 2 and MoS 2 . Second, the identical MoSe 2 device clearly shows modulation of τ s for holes, implying that the FET device is properly working in applying E p to the channel.
The anomalously short τ s in MoSe 2 reminds us of the negligibly small circular polarization in photoluminescence (PL) from MoSe 2 , which is attributed to the ultrafast valley relaxation of excitons in MoSe 2 [33] . The degree of circular polarization in time-integrated PL, η, is determined by the exciton life time, τ ex , and the exciton valley relaxation time, τ ex v , within a rate equation framework [34] . Prior studies using time-resolved PL techniques identified that τ ex at liquid-helium temperature is independent of the materials composition and is around 4 ps [33, 35, 36] . On the other hand, τ ex v is only known for WSe 2 (∼6 ps) investigated by time-resolved Kerr rotation measurement [37] , being similar to τ ex . Following the rate equation [34] , these values predict η ≈ 60%, which is consistent with the experimentally observed value for WSe 2 [38] . Therefore, it is a reasonable way to estimate τ [8] . Figure 3 indicates that the ultrafast exciton valley relaxation in MoSe 2 can be attributed to the fast electron-spin relaxation, although further studies are required to clarify the underlying mechanism of the anomalously fast electron-spin relaxation in MoSe 2 .
IV. CONCLUSIONS
In summary, we have made a systematic study of the magnetoconductance at 2 K in the gate-induced conducting states of TMDs. The carrier spins in TMDs are found to be robustly protected against carrier scatterings, owing to the independency between the spin degree of freedom and the carrier velocity. The spin relaxation can be triggered and controlled in a large range by external electric field. We further found that n-MoSe 2 has anomalously short spin-relaxation time, which is likely the origin of unpolarized PL.
